Abstract Purpose: Proapoptotic BH3-only proteins (Bim, Bad, Bid, Puma, and Noxa) initiate apoptosis by binding to regulatory sites on antiapoptotic Bcl-2 proteins, directly neutralizing their cytoprotective function. Expression of these proteins in colon cancer patients may account for differences in recurrence and survival rates. Experimental Design: Archival tumor-node-metastasis stage II and III primary colon carcinomas from patients treated in 5-fluorouracil^based adjuvant therapy trials were studied. Immunohistochemical analysis of Bim, Puma, and Noxa proteins was done using tissue microarrays (n = 431). Immunoscores were determined and correlated with clinicopathologic variables and disease-free survival (DFS) and overall survival (OS) rates. Results: Elevated expression of proapoptotic Bim (hazard ratio, 0.65; 95% confidence interval, 0.44-0.97; P = 0.033) and Puma (hazard ratio, 0.59; 95% confidence interval, 0.37-0.93; P = 0.022), but not Noxa, proteins in the tumor cytoplasm was significantly associated with more favorable OS in a univariate analysis, and elevated Bim expression was also associated with better DFS (P = 0.023). Patient age, tumor stage, and histologic grade were also prognostic. Multivariate Cox analysis showed that Bim (DFS, P = 0.030; OS, P = 0.045) and Puma (OS, P = 0.037) expression were independent predictors of OS after adjustment for histologic grade, tumor stage, age, and treatment. Furthermore, the combined variable of Bim and Puma was highly discriminant for both DFS (P = 0.0034) and OS (P = 0.0011). Conclusions: The proapoptotic BH3-only proteins Bim and Puma can provide prognostic information for stage II and III colon cancer patients receiving 5-fluorouracil^based adjuvant chemotherapy. Furthermore, our results support BH3-only proteins as molecular targets of novel anticancer drugs.
death in the United States and the fourth leading cause worldwide (1) . Clinical and pathologic staging information are the only data currently used to determine prognosis and to select patients to receive adjuvant chemotherapy. However, considerable stage-independent variability in patient outcome creates a need for prognostic markers to identify high-risk patients who may benefit from adjuvant chemotherapy and to spare others unnecessary toxicity. The ability of tumor cell populations to expand in number is determined by the rates of cell proliferation and apoptosis. Evasion of apoptosis is a hallmark of human cancers that leads to cancer development, progression, and treatment resistance (2) . In response to intracellular damage signals, including those evoked by cancer therapy, the fate of a cell is determined by the Bcl-2 protein family that includes two types of proapoptotic molecules and prosurvival Bcl-2 proteins (Bcl-2, Bcl-x L , Bcl-w, Mcl-1, and A1; ref. 3) . The first type is BH3-only proteins (Bad, Bid, Bim, Puma, and Noxa) that are sensors of cellular damage and can engage and inactivate prosurvival Bcl-2 family members. They do so by inserting their BH3 domain into a groove on the prosurvival proteins to negate their cytoprotective function (4, 5) . This interaction allows the second type of proapoptotic molecules (i.e., Bax and Bak) to be activated, which commits the cell to apoptosis by permeabilizing the outer mitochondrial membrane to enable cytochrome c release, which promotes caspase activation (6) . Studies indicate that BH3-only proteins bind promiscuously or selectively to prosurvival Bcl-2 proteins (6 -8) . Bim (Bcl-2 -interacting mediator of cell death) and Puma (p53 up-regulated modulator of apoptosis) have been shown to target all prosurvival protein and, accordingly, are more potent inducers of apoptosis in vitro than are Bad and Noxa that target only a subset (7) .
The balance between BH3-only and prosurvival Bcl-2 proteins regulates tissue homeostasis and studies in animal models indicate that loss of proapoptotic genes can be oncogenic, as can up-regulation of prosurvival Bcl-2 family members (9, 10) . Most tumors, including colorectal cancers, overexpress prosurvival Bcl-2 proteins (11) and also have defects in the p53 pathway (12) . Puma and Noxa are transcriptional targets of p53 and play a role in p53-induced apoptosis (13, 14) . A further understanding of the role of BH3-only proteins in tumorigenesis, including their expression levels and mechanisms of inactivation, is needed. To date, only sparse data are available about the expression of BH3-only proteins in normal and malignant human epithelia and their clinical significance remains unknown.
BH3-only proteins trigger apoptosis in response to signals elicited by activated oncogenes, DNA damage, chemotherapy drugs, and irradiation (3) . Studies in cells from knockout mice confirm that BH3-only proteins have a dominant role in the response to diverse cytotoxic stimuli, including chemotherapeutic drugs (8) . BH3-only proteins are activated, or their expression is induced, by conventional anticancer drugs, thus explaining, in part, how chemotherapy can regress tumors in patients (3, 15) . Further insights into the mechanisms by which anticancer drugs trigger apoptosis are critical to improving treatment efficacy. Given the importance of BH3-only proteins in neutralizing antiapoptotic Bcl-2 proteins, small-molecule inhibitors (i.e., BH3 mimetics) have been developed as a novel class of drugs that can occupy the BH3-binding site on Bcl-2 or Bcl-x L , thus suppressing their prosurvival function (16, 17) . These agents have been shown to promote apoptosis of tumor cells in culture and to suppress tumor growth in mouse models (16) .
We determined the expression and prognostic impact of the BH3-only proteins Bim, Puma, and Noxa in a large series of stage II and III human colon cancers from patients treated in an adjuvant chemotherapy trial. Given the role of BH3-only proteins in apoptosis induction and the observation that they can disable antiapoptotic Bcl-2 proteins, we tested the hypothesis that differences in the expression of Bim, Puma, or Noxa proteins may account for differences in clinical outcome among colon cancer patients. Our findings indicate that expression of proapoptotic BH3-only proteins Bim and Puma have potential utility as prognostic biomarkers in patients with colon cancer.
Materials and Methods
Patient population. Surgically resected primary colon carcinomas were analyzed from patients who participated in one of three 5-fluorouracil (5-FU)-based adjuvant chemotherapy trials conducted by the North Central Cancer Treatment Group (study numbers: 79-46-04, 89-46-51, and 91-46-53). Details of these completed, randomized, 5-FU -based adjuvant therapy trials have been previously reported (18, 19) . Treatment consisted of 5-FU and leucovorin + standard dose or high-dose levamisole for resectable adenocarcinoma of the colon (91-46-53). Another study evaluated portal venous 5-FU versus observation (79-46-04), and the third evaluated 5-FU + levamisole versus 5-FU + levamisole + leucovorin (89-46-51). Paraffin-embedded tumor tissue blocks were available from a nonrandom subset of study participants and included tumor-node-metastasis (TNM) stage II (n = 85) and III (n = 346) colon cancers (total n = 431). Tumor histologic grade was determined as defined by the American Joint Committee on Cancer Prognostic Factors Consensus Conference (grade 1, well differentiated; grade 2, moderately differentiated; grade 3, poorly differentiated; grade 4, undifferentiated; ref. 20) . Tumor site was defined relative to the splenic flexure and tumors located at the splenic flexure were included in the distal category. All patients were censored at 5 y after randomization for disease-free survival (DFS). Patients were followed for a median of 8 y after study randomization for overall survival (OS) data. The current analysis was in accordance with the original informed consent documents.
Of 431 patients, 404 were randomized to treatment arms and 27 received observation alone. Given that 22 patients received treatment that was later determined to be ineffective (i.e., portal venous 5-FU), there were a total of 382 patients who received effective treatment that included 5-FU. Accordingly and for purposes of the analyses, treatment was categorized as none or ineffective [n = 49; observation only (n = 27) + portal venous 5-FU (n = 22)] versus effective [i.e., consisting of modulated 5-FU (n = 382)].
Tissue microarrays. Tissue sections were cut from paraffin blocks and stained with H&E. H&E sections were examined by light microscopy to identify areas of invasive adenocarcinoma that were then marked on the H&E slide to facilitate tissue microarray construction. Tissue microarrays were made from paraffin blocks and used for subsequent immunohistochemical analysis of Bim, Puma, and Noxa. For tissue microarrays, the source block was cored and a 1-mm core was transferred to the recipient master block using a Beecher microarray instrument (Beecher Instruments). Six cores were arrayed per specimen and included three malignant and three normal colon tissue cores. Sections of normal liver, tonsil, and placenta were used as controls for immunostaining and navigation markers. Tissue microarrays allowed simultaneous evaluation of multiple cases on a single slide. This method virtually eliminates slide-to-slide variation, which is an important factor contributing to variability in immunohistochemical studies (21) .
Immunohistochemistry for BH3-only proteins and p53. Immunohisistochemical staining for BH3-only proteins was done on an automated immunostaining system (Autostainer, DAKO). Paraffin sections were cut at 4 Am and mounted on silanized slides (SuperFrost Plus, Fisher Scientific). Heat-induced epitope retrieval using a steamer was done (citrate buffer, 40 min, 98-100jC). Slides were washed in PBS, placed into the Autostainer, and washed with hydrogen peroxide for 5 min. Subsequently, slides were placed into a wash buffer (TBS solution containing 0.05% Tween 20, pH 7.6; DAKO). Slides were incubated with the primary anti-Bim/Bod rabbit polyclonal antibody (NeoMarkers), diluted 1:200, for 60 min. For Puma, slides were incubated with the primary anti-Puma rabbit polyclonal antibody (Cell Signaling), diluted 1:50, for 60 min. Slides were incubated with the primary anti-Noxa rabbit polyclonal antibody (BioVision), diluted 1:50, for 60 min. All incubation steps were done at room temperature. For all of the antibodies, slides were rinsed in the wash buffer and a secondary antibody system was applied using Envision + Dual Link HRP (DAKO) for 15 min each. After rinsing in wash buffer, the 3,3 ¶-diaminobenzidine chromagen was applied to the slides for 10 min.
Immunohistochemistry for p53 protein had been done in paraffinembedded tissue sections as previously reported (18) . Antigen retrieval was done by microwaving the slides in a 10 mmol/L citric acid buffer for 3 min Â 3. Slides were incubated with the p53-D07 primary antibody recognizing both mutant and wild-type p53 (Novocastra Laboratories Ltd.) at a 1:50 dilution for 1 h at room temperature (18) .
Immunohistochemical scoring. Bim, Puma, and Noxa staining localized to the tumor cell cytoplasm and was scored based on intensity (0/1/2/3) and percent tumor cell positivity [grouped into quartiles (0-4)]. Intensity and immunopercent were multiplied to yield an immunoscore. For purposes of our analysis, we dichotomized immunoscores as negative versus elevated for Bim, where elevated included any immunopositive case. Puma was dichotomized as negative/low (immunoscore, V2), versus elevated and Noxa was dichotomized as negative/low versus elevated where low was expanded to an immunoscore of V4. Puma and Noxa were dichotomized differently due to the small number of negative and/or low cases for these individual markers.
We also examined the combined variable of Bim and Puma by adding their respective immunoscores, and their sum was dichotomized (V4 or >4) for purposes of analysis. To standardize the scoring criteria, cases representative of the immunoscore categories were identified and reviewed to minimize subjectivity. All the specimens were analyzed by a pathologist (R.L.R.) without knowledge of any clinical information.
Slides were scanned by a cytotechnologist and imaging specialist using a slide scanner (Bacus Laboratories, Inc.). The BLISS system is capable of digitally capturing images at 480 Â 752 pixel resolution and at Â40 magnification.
Nuclear p53 staining was regarded as positive when z10% of the malignant nuclei showed staining; all others were regarded as p53 negative (18) .
Antibody specificity. To ensure the specificity of the antibodies selected against Bim, Puma, and Noxa (shown above), we did Western blotting in cultured HT29 and HCT116 human colon carcinoma cell lines. Protein samples were prepared in a lysis buffer per the procedure outlined above, normalized using detergent-compatible protein assay reagents (Bio-Rad), boiled in lithium dodecyl sulfate sample buffer (Invitrogen) containing 2-mercaptoethanol, resolved with a SDS-PAGE gel, and electrophoretically transferred onto a 0.22-Am polyvinylidene difluoride membrane (Bio-Rad). The membrane was blocked with 0.2% I-Block (Applied Biosystems) in PBS-T (PBS containing 0.1% Tween 20) and incubated with the primary antibody in PBS-T containing 0.2% I-Block overnight at 4jC. The membrane was then incubated with a secondary antibody conjugated to alkaline phosphatase in PBS-T containing 0.2% I-Block and then developed with CDP-Star substrate (Applied Biosystems).
DNA mismatch repair status. For the earlier studies (79-46-04 and 89-46-51), tumors were analyzed for microsatellite instability (MSI) using 11 dinucleotide microsatellite markers, as previously described (22, 23) . In accordance with consensus definitions of the National Cancer Institute, tumors were classified into three groups: (a) microsatellite stable with no MSI at any of the loci examined, (b) low instability (MSI-L; <30% of the loci showing MSI), or (c) high instability (MSI-H; z30% of the loci showing MSI; refs. 23, 24) . For a more recent study (91-46-53 study), defective mismatch repair (MMR) was defined by the presence of instability at the BAT 26 mononucleotide locus coupled with absent expression of a MMR protein, as previously described (22) . MMR protein (hMLH1 and hMSH2) expression was analyzed by immunohistochemistry (n = 370). In cases with instability at BAT 26 but intact hMLH1 and hMSH2 expression, immunohistochemistry for hMSH6 and PMS2 proteins was also done as previously described (25) . Slides were previously scored as either positive or negative for MMR proteins based on the presence (+) or absence (-) of tumor cell staining (26) . Statistical analysis. Biomarker expression was dichotomized for DFS and OS. m 2 or Fisher's exact tests were used to test for an association between prognostic markers for categorical variables. The Wilcoxon rank-sum test was used to test for an association between dichotomized markers and continuous variables of interest. OS (censored at 8 y) was calculated as the number of years from random assignment to the date of death (due to any cause) or last contact. DFS (censored at 5 y) was calculated as the number of years from random assignment to the date of disease recurrence or death. The distributions of OS and DFS were estimated using Kaplan-Meier methodology. Univariate and multivariate Cox proportional hazards models (27) were used to explore the association of clinical and biomarker expression factors with OS and DFS. Univariate models were stratified according to the patient's original treatment study. Multivariate models were adjusted for treatment and study, but were not stratified by study, because the treatment effect was confounded with the study effect. The score and likelihood ratio test P values were used to test the significance of each covariate in the univariate and multivariate models, respectively. Multivariate models were adjusted for covariates including treatment study. The likelihood ratio test was also used to test for interactions in some limited multivariate models.
Graphical 28) . Statistical tests were two sided, with P V 0.05 considered significant. P values were not adjusted for multiple comparisons. Statistical analyses were done using Statistical Analysis System software (SAS Institute).
Results
Clinicopathologic features and tumor characteristics. Clininicopathologic features of the study patients and their resected colon carcinomas are shown in Table 1 . The mean and median patient age were 62.9 (SD, 10.40) and 64 years (range, 26-89), respectively. The median duration of follow-up for patients who remain alive was 8.0 years. Of the 431 primary colon carcinomas studied, 85 (20%) were TNM stage II and 346 (80%) were stage III. DNA mismatch repair (MMR) status had been determined in 370 tumors and 36 (10%) cancers were found to have defective MMR (Table 1 ). Similar to previous reports (29 -31) , our data show that tumors with defective MMR were significantly more likely to be from females (P = 0.0078), located in the proximal colon (P < 0.0001), and to be poor/undifferentiated (P < 0.0001) compared with tumors with intact MMR. BH3-only protein expression. Protein expression was analyzed by immunohistochemistry in tissue microarrays. Bim, Puma, and Noxa staining localized to the tumor cell cytoplasm (Fig. 1) . Elevated Bim expression was observed in 295 (82%) cases and the remaining 66 (18%) tumors were negative for Bim (Table 1) . Elevated Puma expression was observed in 379 (91%) cases and 37 (9%) tumors were negative/low for Puma (Table 1) . We found that 271 (65%) tumors showed elevated staining for Noxa and 146 (35%) tumors showed negative/low expression (see Materials and Methods; Table 1 ). For the combined variable of Bim and Puma, 63 cases were negative/ low (immunoscore sum of V4) and 289 cases were elevated (score sum of >4; see Materials and Methods; Table 1 ).
We also analyzed Bim, Puma, and Noxa protein expression in histologically normal-appearing colonic mucosa in a subset of 57 cases (Fig. 1) . Within the normal mucosa, 23 (40%) showed staining for Bim, 25 (44%) were positive for Puma, and 41 (72%) were positive for Noxa. Bim and Noxa staining localized to the cytoplasm of colonic epithelial cells and no obvious gradient within the mucosa was appreciated. Puma staining was focally expressed in the cytoplasm and perinuclear regions of colonic epithelial cells, and some staining of mononuclear cells in the lamina propria was noted. Bim and Puma showed staining in germinal centers of tonsil (positive control), and Noxa showed an absence of staining in placenta (negative control). The specificity of the Bim, Puma, and Noxa antibodies was evaluated by Western blot assays done in cultured and untreated HT29 and HCT116 human colon carcinoma cell lines. Analysis of Bim, Puma, and Noxa expression revealed bands for each BH3 protein that corresponded to their known molecular weights (Fig. 2) . The Bim antibody recognized two splice variants (Bim EL and Bim L ), as shown in Fig. 2 . Low-level or absent Noxa was detected in the cell lines examined, yet Noxa was readily detected in tissues by immunohistochemistry (Fig. 1) . Within the tissue sections, additional determination of the antibody specificity was done using appropriate positive and negative tissue controls with the expected results obtained (Fig. 1) . Therefore, the antibodies Correlations between variables. We determined the relationship of Bim, Puma, and Noxa expression to clinicopathologic variables, p53 staining, and MMR status. We found that Noxa was correlated with older age (P = 0.0186) and proximal tumor site (P = 0.0174). Neither Bim nor Puma expression variables correlated with clinicopathologic features (data not shown). We found significant correlations between Bim, Puma, and Noxa in that tumors with elevated expression of Bim were significantly more likely to have elevated expression of Puma and Noxa (treated as a continuous variable) compared with Bim-negative tumors (P < 0.0001 and 0.0039, respectively).
We also determined the association of Bim, Puma, and Noxa staining with nuclear p53 expression, given that Puma and Noxa are transcriptionally regulated by p53 (13, 14, 32, 33) . Noxa was correlated with p53 in that tumors with elevated Noxa expression were more likely to be positive for p53 than the negative/low tumors (P = 0.0394). Neither Puma nor Bim staining was significantly correlated with p53 (P = 0.4989 and 0.4501, respectively).
We also compared Bim, Puma, and Noxa in relation to MMR status. When markers were stratified by MMR status, tumors with defective MMR showed a trend toward a higher mean expression for Bim (treated as a continuous variable) compared with the tumors with intact MMR [4.8 (2.9) versus 3.7 (2.6), respectively; P = 0.0651]. Neither Puma nor Noxa was correlated with MMR status.
Tumor characteristics and patient survival. Patients with elevated Bim expression had significantly improved DFS and OS compared with patients with negatively expressed Bim tumors (5-year DFS: 64.5% versus 53%, P = 0.0225; OS: 71.5% versus 66.7%, P = 0.0334; Table 1 ; Fig. 3A and B) . Patients with elevated expression of Puma were also found to have significantly improved OS compared with patients with negative/low expression. Specifically, 71.0% of patients whose tumors showed elevated Puma expression were alive at 5 years after randomization compared with 64.9% for patients with negative/low Puma expression (P = 0.0220; Table 1 ; Fig. 3C ). In contrast, Noxa expression was not prognostic for either DFS or OS (Table 1; Fig. 3D ). The combined variable of Bim and Puma was highly prognostic for both DFS and OS (P = 0.0007 and 0.0002, respectively; Table 1 ; Fig. 4A and B) .
The favorable prognostic effect of Bim and Puma expression was similar in stage II and III patients, indicating that the improved survival for patients with elevated expression of Bim and Puma did not depend on tumor stage (interaction P = 0.75 and 0.78, respectively). However, the stage II patient cohort was relatively small, and thus, there was insufficient statistical power to show statistical significance within the stage II patient subset. The clinical utility of prognostic variables is especially relevant to stage II disease where adjuvant treatment is not standard of care, yet some patients receive a survival benefit (34) . Similar results for OS and DFS were obtained for Bim and Puma expression when tumors with defective MMR were excluded from the analysis (data not shown), thus excluding bias that might arise from inclusion of tumors that arise through an alternative molecular pathway. MMR status (n = 370) was not significantly related to clinical outcome (Table 1) . Clinicopathologic features, including tumor stage, histologic grade, and patient age, were prognostic (Table 1) . In a multivariate analysis, a Cox proportional hazards model was used to evaluate whether the BH3-only proteins Bim and Puma showed independent prognostic significance. We found that Bim was an independent marker for both DFS and OS (Table 2) , and Puma was an independent prognostic marker for OS (Table 3) , after adjustment for tumor stage, histologic grade, age, treatment status, and adjuvant study. Due to the strong correlation between Bim and Puma expression, we did not include them in the same multivariate model. Noxa was not included in these models as it was not significant in a univariate analysis. We also evaluated the prognostic effect of the combined variable of Bim and Puma. Importantly, we found that the combined variable was a strong independent prognostic marker for both DFS [hazard ratio (HR), 0.53; 95% confidence interval (95% CI), 0.36-0.79; P = 0.0034] and OS (Table 4) . Adjustment for MMR status in the multivariate models yielded similar HRs for the included variables (Table 4) .
Discussion
Clinical and pathologic tumor staging insufficiently addresses tumor heterogeneity and, therefore, cannot account for interpatient variability in clinical outcome. Accordingly, prognostic markers are needed to identify colon cancer patients likely to benefit from adjuvant therapy, to guide clinical followup, and to provide a rational basis for use of molecularly targeted therapies. Abundant evidence supports the role of apoptotic regulatory proteins in tumor progression and metastasis (35) as well as in responsiveness to anticancer drugs (15) . BH3-only proteins act as sensors of cellular stress and function to inactivate prosurvival Bcl-2 family members by inserting their BH3 domain into a groove on the Bcl-2 proteins to disable them (4, 5) . We analyzed BH3 protein expression in tissue microarrays, which permitted their high-throughput evaluation. We found that elevated expression of Bim and Puma, but not Noxa, was significantly associated with improved patient survival rates in curatively resected stage II and III colon cancers from patients treated in 5-FU -based adjuvant therapy trials. Specifically, Bim and Puma expression were associated with a 35% and 41% reduction in the relative risk of death due to any cause, respectively. Our results are consistent with the finding that Bim and Puma are the most potent of the BH3 proteins as inducers of apoptosis because they can disable all of the prosurvival Bcl-2 proteins (7, 8) . Multivariate Cox analysis revealed that both Bim and Puma expression were independent predictors of OS after adjustment for histologic grade, tumor stage, age, and treatment. Furthermore, the combined variable of Bim and Puma was highly discriminant for DFS and OS in both univariate and multivariate analyses. Interpretation of our study results is aided by rigorous data collection related to patient participation in adjuvant therapy trials and the availability of long-term survival data (median, 8 years). Our study findings are consistent with limited data in human melanomas where low Puma expression was associated with poor prognosis (36) . A potential mechanism by which absent or reduced expression of BH3-only proteins can negatively affect prognosis is suggested by the observation that defects in apoptosis enable tumor cells to survive and grow intravascularly (35) . Therefore, defective apoptosis can facilitate micrometastasis that seems to be responsible for shorter survival in colorectal cancer patients. Our finding that loss of Bim and/or Puma expression is associated with worse patient survival is consistent with a tumor suppressor role for these BH3-only proteins (10, 37 -39) . Bim deficiency was shown to facilitate epithelial tumor growth in a mouse xenograft model (40) , and loss of even one Bim allele was shown to accelerate tumorigenesis in Eu-myc mice (38) . Moreover, biallelic deletion of the Bim gene was found in a proportion of human mantle cell lymphomas consistent with a tumor suppressor role for human Bim (10, 37). Bim is silenced by promoter methylation in certain other B-cell lymphomas (10); however, its methylation status and that of other BH3-only proteins in nonhematologic malignancies is unknown. Similarly, down-regulation of Puma or its deletion has been shown to accelerate Myc-induced lymphomagenesis (41) . Taken together, our data support a tumor suppressor role for Bim and Puma in colon cancers in that loss or reduced expression of either protein product can contribute to tumor growth and progression. In this regard, we show that absent or low-level Bim and Puma are associated with significantly shorter patient survival.
The BH3 proteins are regulated by both transcriptional and posttranslational mechanisms (42) . The Bim protein can be induced downstream of Akt by a forkhead transcription factor (43) and is subject to posttranslational regulation. We found that Noxa expression in colon cancers was significantly associated with nuclear p53 expression. Both Noxa and Puma are regulated at the transcriptional level by p53 and contribute to p53-mediated apoptosis (12 -14) . Noxa and Puma also have a role in several p53-independent responses (44) and Puma can be regulated by transcription factors, such as p73 and E2F1 (32, 33) . A reduction or loss of BH3-only protein expression can confer resistance to anticancer therapies. Deletion of Puma was shown to inhibit p53-mediated apoptosis in a colon carcinoma cell line (12) . Furthermore, infection with a Puma adenovirus markedly increased sensitivity to 5-FU in esophageal cancer cells (45) . Suppression of Noxa expression by RNA interference inhibited apoptosis in mouse fibroblasts (46) , and Bim was shown to determine the sensitivity of carcinoma cells to paclitaxel (40) and to proteasome inhibitors (47) .
In our study of primary colon cancers, the majority of patients received 5-FU -based adjuvant therapy among three clinical trials conducted over different times. In our multivariate models, the independent prognostic effect of Bim and/or Puma remained statistically significant after adjustment for treatment. In an exploratory analysis, treatment was found to be beneficial for patients with increased expression of Bim and/or Puma, although this benefit did not always reach statistical significance. Unfortunately, our numbers were too small to explore the effect of treatment for patients with low expression of Bim and/or Puma, and we could not appropriately test for the interaction between the markers and treatment to find evidence of the markers being predictive. However, we regard this issue as important for future study. Our findings are therapeutically relevant in that the BH3-only proteins represent novel targets for which BH3 mimetic agents have been developed. In this regard, the BH3 mimetics ABT-737 (Abbott) and GX015-070 (GeminX) have been shown to reverse apoptosis resistance in vitro and ABT-737 treatment induced the regression of solid tumor xenografts (16, 17, 48) . The clinical appeal of BH3 mimetics is that most tumors, including colorectal cancers, overexpress prosurvival Bcl-2 proteins (11) and have defects in the p53 pathway that preclude induction of the Puma and Noxa (12) .
In conclusion, we show for the first time that the proapoptotic BH3-only proteins Bim and Puma are independent prognostic variables in stage II and III colon cancer patients receiving 5-FU -based adjuvant chemotherapy. These data support experimental evidence that these BH3 proteins serve a tumor suppressor role. If validated, analysis of Bim and Puma, or the combination of these markers, may assist in the risk stratification of colon cancer patients and may be useful in therapeutic decision making.
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